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ABSTRACT 

This study presents a three-dimensional simulation of wet combustion in the 
annular combustion chamber of a C30 microturbine using a hydrogen-methane 

fuel mixture. The research aims to minimize exhaust emissions, including 

nitrogen oxides (NOx) and carbon monoxide (CO), and reduce fuel 

consumption. A partially premixed combustion model has been utilized to 

accurately simulate the combustion process within the chamber.  The impact of 

steam addition (wet combustion) is also analyzed. The simulation employs the 

k-ε Realizable turbulence model and probability density function (PDF) for 

chemical reactions. The fuel mixture is adjusted by adding hydrogen in 

increments of 10%, resulting in a final composition of 40% hydrogen and 60% 

methane. With hydrogen’s high heating value, the chamber temperature reaches 

2376 K, significantly increasing NOx and CO emissions. To control the 
temperature and maintain turbine operating conditions, the fuel mass flow rate 

is reduced by 35%, ensuring a consistent turbine inlet temperature. At this 

temperature, CO and CO2 emissions decrease by 16% and 61%, respectively, 

while NOx emissions increase due to hydrogen’s flame characteristics. The 

introduction of humidity levels of 2.5%, 5%, 7.5%, and 10% in the inlet air 

reduces NOx emissions by 68% in the case where the fuel mixture contains 10% 

hydrogen, with this reduction occurring at 10% humidity. Additionally, a 48% 

reduction in CO emissions was observed when the fuel mixture contained 40% 

hydrogen, and this reduction also occurred at 10% humidity. Wet combustion 

also enhances temperature uniformity in the chamber. These findings highlight 

the potential of hydrogen-methane mixtures with wet combustion to enable low-

emission, efficient microturbines, supporting sustainable energy goals. 

  

 Article History 

Received November 10, 2024 

Revised February 8, 2025 

Accepted February 9, 2025  

Available online March 30, 2025 

 

 Keywords: 

Turbulence 

Chemical reactions 

Premixed 

Nitrogen oxides 

Emission 

 

1. INTRODUCTION 

Microturbines, due to their simpler structure and 

higher efficiency, are considered a suitable alternative to 

traditional power generation systems by reducing 

emissions and allowing the use of clean fuels. With the 

ability to operate on a variety of fuels and reduce 

dependence on fossil fuels, these systems provide an 

effective solution for decentralized power generation and 

minimizing environmental impacts. In recent years, 

increasing concerns about climate change and the 
environmental impacts of fossil fuel combustion have 

driven researchers toward the development of advanced 

combustion technologies. These technologies aim to 

enhance energy efficiency, reduce harmful emissions such 

as nitrogen oxides (NOx) and carbon dioxide (CO2), and 

ultimately mitigate environmental impacts. Key 
technologies in this domain include trapped vortex 

combustion (TVC), wet combustion, RQL (Rich-Burn, 

Quick-Mix, Lean-Burn) combustion, and exhaust gas 

recirculation (EGR). 

 Modern combustion technologies such as TVC, wet 

combustion, RQL, and EGR offer effective solutions to 

enhance the performance of combustion systems and 

reduce emissions. TVC systems, by rapidly mixing 

combustion products and reactants, not only lower 

emissions but also minimize pressure losses within the 

system (Haynes et al., 2006). Wet combustion, which 
introduces water into the combustion process (in the form 

of liquid, vapor, or direct injection), improves efficiency 

while significantly reducing pollutant production. The 

RQL technology, through its three stages of rich-burn,  
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NOMENCLATURE 

CP specific heat  Suser user-defined source term 

e internal energy  Sh heat generated from chemical reactions 

f mixture fraction  T temperature 

f ′2̅̅̅̅  variance of the mixture fraction  t time 

t time  V velocity vector 

V velocity vector  V velocity magnitude 

V velocity magnitude  Z mass fraction of element 

Z mass fraction of element  ρ density 

ρ density  σt turbulent Prandtl number 

σt turbulent Prandtl number  τ̿ stress tensor 

τ̿ stress tensor  μt turbulent viscosity 

μt turbulent viscosity    

 

quick-mix, and lean-burn combustion, effectively reduces 

nitrogen oxides and enhances energy efficiency, 

particularly in gas turbines and aircraft engines. Lastly, 

EGR technology recirculates a portion of exhaust gases 

back into the combustion chamber, lowering combustion 

temperatures and minimizing the formation of pollutants 

such as NOx (Khosravy el_Hossaini, 2013). 

 Hydrogen is a clean fuel that produces only water 

vapor as a byproduct. However, extensive studies are still 

required concerning the amount of NOx produced in 

systems that utilize hydrogen. Microturbines typically use 
CH4 (methane) as fuel, and therefore, modifications in the 

combustion chamber are necessary to replace CH4 with 

hydrogen. The level of fuel-air premixing in microturbines 

using hydrogen is crucial, as it significantly impacts the 

amount of NOx produced (Therkelsen et al., 2006). 

 Therkelsen et al. (2009) investigated the performance 

of a gas microturbine fueled by hydrogen. They developed 

several injector models with nearly complete premixing. It 

was found that with almost complete premixing, the 

engine produced a higher amount of NOx when operating 

on hydrogen compared to natural gas. A mixture of 
methane and hydrogen can be used without making 

significant modifications to combustion chambers 

designed to operate with methane. Reale et al. (2012) 

examined the emissions from a 100 kW microturbine. 

They used a mixture of hydrogen and methane containing 

10% hydrogen. The results indicated that the hydrogen-

methane blend had no significant impact on the production 

of CO and NOx. Lu et al. (2022) simulated the effect of 

air distribution on the combustion characteristics of a 

micro gas turbine fueled by a hydrogen-methane mixture. 

When the premixed air was 30%, the combustion 
chamber’s outlet temperature distribution was uniform, 

with an average outlet temperature of 1172 K. It was found 

that increasing the premixed air to 40% led to a rise in 

NOx levels. Di Nardo et al. (2020) simulated the 

combustion performance of a microturbine fueled with 

CH4, H2, and CO2. The results showed that the CO2 

content in the mixture should not exceed 50% by volume; 

otherwise, the performance significantly decreases. Shih 

and Liu (2014) conducted a computational study on the 

combustion of hydrogen-methane fuel blends in a model 

microturbine. The simulations were performed using a 3D 

compressible k-ε turbulence model and a probability 
density function for the chemical reaction. The results 

indicated that with a fixed fuel mass flow rate, the flame 

temperature increases as the hydrogen fraction in the 

hydrogen-methane blend rises.  

 Du Toit et al. (2020) evaluated the performance and 

emission reduction of a small gas turbine through the 

combustion of H2/CH4/CO2 fuel blends. The results 

showed that using this mixture leads to a reduction in CO 

and NOx emissions. Meziane and Bentebbiche (2019) 

investigated the combustion of natural gas and hydrogen 

in a combustion chamber. The results showed that when 

the fuel mixture is injected at a constant mass flow rate, 
the outlet temperature increases, and the amount of NOx 

produced also rises with the increase in hydrogen fraction. 

De Robbio (2017) analyzed the combustion in a gas 

microturbine burner using a hydrogen-natural gas mixture. 

The results showed that fuel containing 25% hydrogen 

leads to an increase in NOx emissions. Serbin et al. (2022) 

simulated the combustion characteristics of a combustion 

chamber operating with a natural gas-hydrogen mixture 

using two different combustion models. The results 

showed that increasing the hydrogen fraction in the fuel 

leads to higher NOx emissions, while CO emissions 
remain nearly constant. Funke et al. (2019) developed a 

low-emission micromix combustion system for use in 

industrial gas turbines fueled by hydrogen. Within the 

evaluated operational range of the combustion chamber, 

the combustion efficiency exceeded 99%. Carusotto et al. 

(2022) examined the combustion characteristics in a gas 

turbine burner using a hydrogen-methane fuel mixture. 

They concluded that when methane is blended with 

hydrogen, the peak temperature at the turbine inlet can 

increase by up to 800 K if no countermeasures are taken. 

 In a study by Nam et al. (2019), a numerical analysis 
was conducted on the effect of hydrogen composition in a 

gas turbine combustion chamber where the flow enters the 

combustion chamber in a partially premixed state. The 

results showed that as the hydrogen fraction increases, the 

flame becomes shorter and thicker, and its impact on the 

outer recirculation zone is minimized. Farokhipour et al. 

(2018) used an Eulerian-Lagrangian model to study the 

water spray injection process inside gas turbine 

combustion chambers. The results showed that water 

injection leads to a reduction in NOx concentration. In a 

similar study, Reale and Sannino (2021) investigated the 

wet combustion of a hydrogen-methane mixture in a 
cylindrical combustion chamber. They injected steam at 
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up to 125% of the fuel mass flow rate. The results showed 

that steam injection leads to an increase in CO emissions. 

Lellek et al. (2017) experimented with the interaction of 

water spray with premixed natural gas flames. To achieve 

high water injection efficiency, ensuring complete 

evaporation of the water before the main heat release zone 

is essential. For this design objective, the water must be 

evenly distributed across the combustion section. Pappa et 
al. (2021) investigated the effect of water dilution to 

prevent flashback in a combustion chamber fueled by a 

hydrogen-methane mixture. The results showed that steam 

dilution helps reduce the hydrogen reaction rate, thereby 

preventing flashback. Furuhata et al. (2010) 

experimentally investigated the effect of steam addition on 

NOx reduction in kerosene combustion. It was found that 

if steam is directly injected into the fuel spray, NOx 

emissions decrease. 

 Recent studies on microturbine simulations have 

highlighted advancements in fuel flexibility, design 

optimization, and emission control. Investigations into 
biogas-fueled microturbines show reductions in NOx 

emissions by 70% but highlight challenges such as 

increased CO emissions and reduced combustion 

efficiency, emphasizing the need for further optimization 

(Bastani et al., 2025). Additive manufacturing has enabled 

novel designs for combustion chambers, enhancing fuel-

air mixing and reducing emissions while improving 

ignition performance (Adamou et al., 2023). Hydrogen 

combustion in reverse-flow combustors has been explored 

to achieve uniform thermal fields and lower NOx 

emissions, though challenges remain with mixing and 
preheating effects (Jamshidiha et al., 2024). Multi-fuel 

compatibility and design modifications, such as optimized 

swirler vane angles, have shown potential to maintain high 

combustion efficiency while minimizing pollutant 

emissions (Sher et al., 2024). Studies on ammonia-

hydrogen mixtures reveal viable temperature distribution 

comparable to methane combustion, reducing mechanical 

risks and supporting NOx control (Fąfara, 2025). 

Moreover, steam injection in ammonia-fed microturbines 

has demonstrated improved combustion efficiency and 

emission reductions, showcasing flexibility in power-to-
heat ratios (Fatehi et al., 2025). Comprehensive models 

incorporating complex physico-chemical processes enable 

more accurate predictions of combustion behavior, aiding 

in the design of efficient and sustainable microturbines 

(Bulat et al., 2024a, b). 

 There are two main types of combustion chambers: 

cylindrical and annular. In microturbines, cylindrical 

combustion chambers are typically used due to their lower 

cost; however, this type tends to produce more emissions 

compared to the annular type. The selection and design of 

the combustion chamber are largely determined by the 

overall engine design and the need to use available space 
efficiently. In the annular combustion chamber design, an 

annular liner is concentrically installed within an annular 

casing. In many ways, this geometry represents an ideal 

design for a combustion chamber (Lefebvre & Ballal, 

2010). 

 Modern combustion technologies such as TVC, RQL, 

and EGR have contributed to reducing emissions and 

enhancing efficiency. However, the application of wet 

combustion in microturbine systems and its impact on 

hydrogen-methane fuel blends has been less extensively 

studied. A review of the existing literature reveals several 

critical research gaps. First, limited studies have focused 

on the wet combustion of hydrogen-methane mixtures in 

annular combustion chambers. Second, previous 

investigations have inadequately analyzed the role of 
humidification in reducing pollutants such as NOx and 

CO, as well as improving combustion performance 

comprehensively. Finally, only a few efforts have been 

made to optimize combustion chambers for achieving both 

high efficiency and reduced emissions under varying 

operational conditions. This study aims to address these 

gaps by investigating the wet combustion of hydrogen-

methane blends in annular microturbine combustion 

chambers.  

 In this study, the combustion chamber of the C30 

microturbine was utilized for a detailed three-dimensional 

simulation of reactive flow. By employing a partially 
premixed combustion model, the fuel-air mixture entered 

the combustion chamber in a premixed state. The initial 

performance of the combustion chamber using pure CH₄ 

fuel was analyzed, and the simulation results were 

validated against the performance data of the C30 

microturbine. To address the dual objectives of 

minimizing emissions and improving fuel efficiency, a 

methane-hydrogen fuel mixture was introduced, with 

hydrogen content incrementally increased to 40%. 

Furthermore, the effects of steam injection were 

investigated through wet combustion, demonstrating 
significant reductions in NOx and CO emissions. An 

annular combustion chamber was utilized in this study to 

ensure optimal fuel-air mixing and effective heat 

distribution. This research uniquely combines hydrogen-

enriched methane combustion with steam injection to 

achieve low-emission, efficient operation, providing 

valuable insights into optimizing microturbine 

performance for sustainable energy applications. The 

study also highlights the potential of wet combustion to 

enhance temperature uniformity, offering innovative 

solutions for the advancement of clean energy 

technologies. 

2. PERFORMANCE SPECIFICATIONS OF 

MICROTURBINES 

The C30 microturbine has low emissions and is used 

for combined heat and power (CHP) applications. This 

microturbine can operate with various gaseous, renewable, 

and liquid fuels, including natural gas, propane, flare gas, 
landfill gas, diesel, and kerosene. The combustion 

chamber of this microturbine is annular in design and is 

equipped with three injectors that inject the fuel-air 

mixture into the combustion chamber. The operational 

details of the C30 microturbine are provided in Table 1 

(Cameretti, 2020). 

 The electrical efficiency of this microturbine is 26%. 

The exhaust temperature of the microturbine is 275°C 

(530°F), with an exhaust gas flow rate of 0.3 kg/s (0.68 

lb/s). 
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Table 1 Performance Details of the Microturbine 

Unit Value Parameter 

K 1173 
Turbine inlet 

temperature 

pa 333747 
Chamber outlet 

pressure 

- 3.45 Pressure Ratio 

Kg/s 0.3 
Exhaust Mass 

flow 

% 26 Electric efficiency 

rpm 96000 Speed 

kw 30 Net Power output 

 

3. COMBUSTION CHAMBER GEOMETRY 

 The combustion chamber of the microturbine is an 

annular reverse-flow combustion chamber. The geometry 

of the microturbine's combustion chamber was created 

using SolidWorks software, based on the geometric 

information available in references (Chen et al., 2009, 

2010; Abagnale et al., 2017). Figure 1 shows a view of the 

combustion chamber, along with the arrangement of the 

injector and the entry of the fuel-air mixture into the 

combustion chamber. The geometry of this combustion 

chamber differs from many other annular combustion 

chambers due to the unique arrangement of the 

microturbine components. The injectors of the studied 
combustion chamber are in the form of a tube with a 

diameter of 2.67 cm, equipped with a series of tangential 

and axial holes to enhance the mixing of fuel and air before 

entering the combustion chamber (Bolszo & McDonell, 

2009). These injectors introduce the premixed fuel and air 

flow tangentially into the combustion chamber. 

4. NUMERICAL METHODOLOGY 

 In this research, a steady-state three-dimensional 

simulation was conducted using the ANSYS Fluent 
software and the finite volume method. A pressure-based 

solver was employed with a coupled algorithm, as it is 

recommended for proper and fast convergence. The flow 

inside the combustion chamber was considered 

compressible and turbulent. The combustion modeling 

was performed using a partially premixed model, where a 

mixture of hydrogen and methane was burned with both 

dry and humid air inside the combustion chamber (Fluent, 

2011; Patankar, 2018). Gravitational effects were 

neglected in this simulation. Convergence was achieved 

when the residuals of the combustion, momentum, and 
turbulence equations dropped below 10⁻⁵, with 10⁻⁴ set as 

the convergence criterion for the continuity equation. 

Since the flow inside the liner is separate from the flow in 

the outer annulus, only the flow inside the liner was 

modeled to reduce computational cost and complexity. 

4.1 Governing Equations 

 The three-dimensional form of the Navier-Stokes 

equations was used to perform the simulation. The 

governing equations of mass, momentum and energy 

conservation for turbulent reactive flows are as follows: 

 

Fig. 1 a) Cross section of the annular combustion 

chamber showing the inlet and outlet of reactants and 

products, b) 3D annular combustion chamber 

geometry  

 
 The mass conservation: 

 Equation (1) represents the mass conservation 

equation for compressible and steady flows. In this 

equation, ρ represents density, and V is the velocity vector. 

 The momentum conservation: 

 

The energy conservation: 

 In Eq. (2), 𝑝 represents the static pressure, 𝜏 ̿is the 

stress tensor, and 𝜌𝑔 denotes the gravitational body force 

which was not considered in the current simulation. In Eq. 

(3), 𝑘𝑒𝑓𝑓  is the effective thermal conductivity and 𝑱𝑗 

represents the diffusion flux of species 𝑗. The first three 

terms on the right-hand side of Eq. (3) correspond to 

energy transfer due to conduction, species diffusion and 

viscous dissipation respectively, while the term 

𝑆ℎ  represents the heat generated from chemical reactions 

a)

b)

(1) ∇ ⋅ (𝜌𝑽) = 0 

(2) ∇. (ρ𝑽𝑽) = −∇𝑝 + ∇. (𝜏̿) + 𝜌𝑔 

(3) 

∇. (𝜌𝑽 (ℎ +
𝑉2

2
)) 

= ∇. (𝑘𝑒𝑓𝑓∇𝑇 − ∑ ℎ𝑗𝑱𝑗 + 𝜏𝑒̿𝑓𝑓 . 𝑽

𝑗

) + 𝑆ℎ 
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or any other heat source in the field. 

 The flow inside the microturbine combustion chamber 

is highly turbulent and swirling. To model the effects of 

turbulence in such flows, the k-ε and k-ω models are 

commonly used. The k-ε model is a two-equation model 

that offers good accuracy and stability for general 

modeling purposes. Due to its longstanding use and low 

computational cost, it remains one of the most widely 
employed turbulence models in engineering problems 

(Chen et al., 2017). In this study, the Realizable k-ε 

turbulence model was selected because of its ability to 

provide reliable numerical results for swirling flows and 

its significantly lower computational cost compared to the 

LES model (Fantozzi et al., 2009). In addition, the 

Realizable k−ε model was chosen for its improved 

accuracy in capturing swirling and recirculating flows, due 

to its enhanced formulations for turbulent viscosity and 

dissipation. Its efficiency and reliability for such flow 

characteristics make it well-suited for modeling the 

microturbine combustion chamber. 

4.2 Combustion model 

 The partially premixed combustion model with a 

chemical equilibrium approach was used, offering 

efficient prediction of combustion products under fast 

reaction assumptions (Glanville et al., 2022; Wang et al., 

2022). Partially premixed combustion systems involve 

flames where the oxidizer-fuel mixture is non-uniform. 

Under certain assumptions, thermochemistry can be 

reduced to a parameter called the mixture fraction. The 

mixture fraction, denoted by f, represents the mass fraction 

originating from the fuel stream and is expressed by Eq. 
(4). In other words, it describes the local mass fraction of 

fuel elements, both burnt and unburnt (C, H, etc.), across 

all species (CO2, H2O, O2, etc.). In this combustion model, 

individual species equations are not solved; Instead, 

species concentrations are obtained from predicted 

mixture fraction fields. The interaction between 

turbulence and chemistry is calculated using an assumed 

shape of a probability density function (PDF). (Poinsot & 

Veynante, 2005; Fluent, 2011). 

 The mixture fraction equation is :  

(4) 𝑓 =
𝑍𝑖 − 𝑍𝑖,oxid

𝑍𝑖,𝑓𝑢𝑒𝑙 − 𝑍𝑖,oxid

 

 

Where Zi is the mass fraction of element i, Zoxid and Zfuel 

represent the values for the oxidizer and fuel at the inlet  

stream, respectively. 

 In the partially premixed combustion model, the 

average mixture fraction equation is solved to capture the 

mixing of fuel and oxidizer (Eq. (5)). Based on the equal 
diffusion assumption, the average (density-weighted) 

mixture fraction equation is expressed as follows (De 

Robbio, 2017; Xiao et al., 2022): 

 In Eq. (5), 𝑘 is the thermal conductivity of the mixture, 

𝐶𝑝 is the specific heat of the mixture, 𝜎𝑡 is the turbulent 

Prandtl number and 𝜇𝑡 is the turbulent viscosity. The 

source term 𝑆𝑚 is solely due to mass transfer to the gas 

phase from liquid fuel droplets or reacting particles. 𝑆user 

represents any user-defined source term. 

 In addition to solving the mean mixture fraction 𝑓‾, a 

conservation equation for the variance of the mixture 

fraction  𝑓′2̅̅ ̅̅  is also solved (Eq. (6)): 

(6) 
∇ ⋅ (𝜌𝑽𝑓′2̅̅ ̅̅  ) = ∇ ⋅ [(

𝑘

𝑐𝑝

+
𝜇𝑡

𝜎𝑡

) ∇𝑓′2̅̅ ̅̅  ] 

+𝐶𝑔𝜇𝑡(∇𝑓̅)2 − 𝐶𝑑𝜌
𝜀

𝑘
𝑓′2̅̅ ̅̅  + 𝑆𝑢𝑠𝑒𝑟  

Where 𝑓′ = 𝑓 − 𝑓̅ and the values for the constants 𝜎𝑡, 𝐶𝑔 

and 𝐶𝑑 are 0.85, 2.86 and 2.0, respectively (Fluent, 2011; 

Medhat et al., 2021). 

 In this study, the Zimont correlation was employed to 

model the flame speed. The flame zone is characterized by 

solving an equation for the mean progress variable (C̅), 

which varies between zero and one. The advancement of 

the flame front is captured by solving the transport 

equation for the mean progress variable, as described in 

Eq. (7) (Shan et al., 2022): 

 In this study, a mixture of methane and hydrogen was 

used as fuel. In the simulation, the combustion process 

was analyzed under two conditions: first with pure air and 

then with humid air, to evaluate the effects of steam 

injection on combustion performance and emissions. The 

resulting reaction involves 20 species, which are: H₂, CH₄, 

O, N₂, O₂, H₂O, CO, CO₂, OH, H, HO₂, H₂O₂, HONO, 

HCO, CHO, HOCO, O₃, HCOOH, CH₂O, HNO₂. The 
thermal and prompt NOx mechanisms were also adopted 

to predict the amount of NOx produced (De Soete, 1975; 

Caldeira-Pires et al., 2000). 

4.3 Boundary Conditions 

 Using the microturbine's performance parameters, the 

boundary conditions were applied for the full load case 

with pure methane as fuel. The injectors were modeled as 

nozzles that inject a premixed fuel-oxidizer mixture into 

the combustion chamber. The combustion chamber walls 

were assumed to be stationary and impermeable with no-

slip boundary conditions. The chamber's inlets, including 
injectors and dilution holes, were modeled as velocity 

inlets, while the outlet was set as a pressure outlet. The 

detailed boundary conditions for the full load case with 

pure methane can be seen in Table 2. 

5. MESH INDEPENDENCE ANALYSIS 

 The combustion chamber geometry was meshed with 

different numbers of elements. In this study, the 

computational domain represents one-third of the annular 

combustion chamber, selected to reduce computational  
(5) 

∇ ⋅ (𝜌𝐕𝑓‾) = 

∇ ⋅ ((
𝑘

𝐶𝑝

+
𝜇𝑡

𝜎𝑡

)∇𝑓‾) + 𝑆𝑚 + 𝑆user 

(7) 

∇ ⋅ (𝜌𝑽𝑐̄) = 

∇ ⋅ ((
𝑘

𝐶𝑝

+
𝜇𝑡

𝑆𝑐𝑡

)∇𝑐̄) + 𝜌𝑆𝑐  
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Table 2 Boundary conditions 

Value Parameter (Unit) 

0.0032 Fuel mass flow (kg/s) 

0.0315 

Species Mean Mixture 

Fraction 

at the injector inlet 

870 

The temperature of the 

fuel-air mixture from the 

injector inlet (K) 

0.31 Air mass flow (kg/s) 

333 Outlet pressure (KPa) 

 

cost while maintaining accuracy and symmetry in the 

simulation results.  This simplification is justified by the 

periodicity of the combustion chamber, allowing the use 
of periodic boundary conditions for accurate modeling of 

the entire domain. Due to the complex geometry of the 

model, an unstructured mesh was utilized. Structured 

meshes are typically employed for simpler geometries, 

whereas unstructured meshes are more suitable for 

complex geometries. The elements within the mesh are a 

combination of tetrahedral, wedge, and pyramidal 

elements. 

 For the boundary layer, wedge (Wed6) or prism 

elements are commonly used. These elements, due to their 

wedge-shaped or prismatic structure, are highly suitable 
for modeling sharp gradients and boundary layers. They 

are typically employed near solid surfaces (such as walls) 

to better capture steep variations in parameters like 

velocity and temperature within the boundary layers. 

 To enhance the accuracy of flow and combustion 

simulations in the combustion chamber, finer mesh 

resolutions were applied in critical regions near dilution 

holes, injectors, and the outlet. This approach aims to 

achieve more precise modeling of turbulent phenomena, 

fuel-air mixing, and the distribution of velocity and 

temperature gradients. 

  Four mesh types were generated with 1,315,425, 
1,592,667, 1,792,334, and 1,890,456 elements, by 

adjusting the mesh size factor. Figure 2 shows an example 

of the generated mesh for the combustion chamber under 

study. 

 

 

Fig. 2 Mesh of combustion chamber 

 

Fig. 3 Variation of temperature and CO2 emissions 

with increasing mesh elements 

 

 The grid independence test was conducted using the 

four different mesh types created in ANSYS Fluent, 

applying the same initial and boundary conditions. Since 

the average outlet temperature and CO₂ emission levels are 

key parameters in evaluating combustion performance, 

they were selected as criteria for the mesh study. As shown 

in Fig. 3, the variations in these parameters become 

negligible as the number of mesh elements increases, 

indicating a trend toward stability. This suggests that 

increasing the number of mesh elements has an 

insignificant impact on the computations. To strike a 
balance between computational efficiency and accuracy, 

the mesh with 1,792,334 elements was selected for further 

calculations. 

6. VALIDATION  

 The performance with pure CH4 fuel at full load is 

considered as the baseline case for validation of the 

results. The best data for validation are the exhaust 

temperature and the emission levels. Table 3 compares the 

exhaust temperature, NOx and CO emissions obtained 
from the simulation with the official data provided by the 

C30 microturbine manufacturer (Chen et al., 2010; 

Abagnale et al., 2017; Cameretti, 2020). 

 The comparison of experimental and numerical results 

shows that the temperature difference at the exit is only 20 

K, corresponding to an error of 1.7%. Additionally, the 

NOx results indicate a minimal error of 4%. However, the 

simulation results show a discrepancy in CO concentration 

compared to experimental data, likely due to limitations in 

the combustion model. Achieving accurate predictions of 

this pollutant is challenging in simulations, as all 

 

Table 3 Comparison of experimental data with 

numerical simulation results 

Numerical 

data 

Experimental 

data 
Parameter 

1193 1173 (K)out,ave T 

50.9 40 (ppm) 2CO at15%O 

9.4 9 (ppm) 2at15%O xNO 
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Table 4 Gas fuels with different compositions 

Case Mass % CH4 Mass % H2 LHV (MJ/kg) Volume % CH4 Volume % H2 Energy % H2 

1 100% 0% 50.02 100% 0% 0% 

2 90% 10% 56.996 82.16% 17.84% 21.06% 

3 80% 20% 63.99 64.33% 35.67% 37.51% 

4 70% 30% 70.98 46.5% 53.5% 50.73% 

5 60% 40% 77.98 28.67% 71.33% 61.54% 

 

 

Fig. 4 Temperature distribution comparison along the 

combustion chamber using the PDF model from this 

study and the EDM model from reference (Sohrabi & 

Mirsajedi, 2024) 

 

combustion reactions must be considered. To improve 

accuracy, more complex mechanisms, such as the Eddy 

Dissipation Concept Model, should be applied, though this 

would increase computational costs and complexity. 

 The temperature distribution along the combustion 
chamber, obtained using the Probability Density Function 

combustion model, was compared with reference (Sohrabi 

& Mirsajedi, 2024) in Fig. 4. The reference (Sohrabi & 

Mirsajedi, 2024) employed the Eddy Dissipation Model 

(EDM) for simulating reactive flow. As observed, the 

temperature behavior along the chamber is approximately 

consistent. However, the results indicate that the EDM 

overpredicts the temperature compared to the present 

model. Consequently, the utilization of the PDF 

combustion model has improved the accuracy of the 

results. 

7. RESULT AND DISCUSSIONS 

 Hydrogen is a clean fuel that produces only water 

vapor as a byproduct, making the study of hydrogen-

methane combustion mixtures highly beneficial. 

Hydrogen has a density of approximately 0.0898 kg/m³ 

and a lower heating value (LHV) of around 121.2 MJ/kg. 

Table 4 provides details of the fuel mixtures used in this 

simulation. As the hydrogen mass percentage increases 

from 0% to 40% across the cases, the LHV rises from 
50.02 MJ/kg to 77.98 MJ/kg, demonstrating hydrogen's 

high energy density. Similarly, the energy contribution of 

increases significantly, reaching 61.54% in Case 5. This 

trend is accompanied by a decrease in methane's volume  

 

Fig. 5 Velocity streamlines inside the combustion 

chamber 

 

percentage and an increase in hydrogen's volume 

percentage. 

 7.1  Streamlines and Temperature Contour 

 The fuel-air mixture is injected tangentially from the 

injectors into the main combustion zone, causing the flow 

to move in the circumferential direction of the combustion 

chamber, facilitating optimal combustion. Additionally, 

due to the flow characteristics and the appropriate 

geometry of the chamber, the flame will remain stable. 

Figure 5 shows the velocity streamlines inside the 

combustion chamber. An inner liner is present, helping to 

keep the main flow centered. The location of the dilution 
holes is also shown, which are used to complete 

combustion and control the exhaust temperature. 

 In Fig. 6, the temperature field for pure methane 

combustion is shown in Kelvin in two different planes. 

When the fuel-air mixture is injected into the primary 

combustion zone through the injectors, efficient 

combustion occurs, resulting in a stable flame. As 

combustion progresses within the primary zone, the 

chamber temperature increases to approximately 1900 K. 

The swirling flow then moves toward the outlet, entering 

the dilution zone, where additional air is injected into the 

combustion products to regulate the temperature for 
turbine entry. The outlet temperature, as observed, is 

highly uniform, which enhances the durability of the 

turbine blades. 
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Fig. 6 Temprature contour in combustor 

 

7.2  The Effect of Hydrogen Addition at a Constant 

Fuel Mass Fraction 

 The combustion of a hydrogen-methane mixture was 

initially studied at a constant fuel mass fraction. In all 

cases presented in Table 4, the fuel-air mixture was 

injected into the primary combustion zone through an 

injector at a velocity of 77 m/s. As hydrogen was added to 

methane, the density of the mixture decreased due to 

hydrogen’s significantly lower density compared to 

methane. Consequently, the reduction in mixture density 

led to a decrease in the fuel mass flow rate entering the 

combustion chamber. When pure methane was used, the 
fuel mass flow rate was 0.0032 kg/s, and This value 

decreased by approximately 3% with each 10% increase 

in hydrogen content in the fuel. For instance, the mass 

flow rate decreases by 11% when the mixture is composed 

of 40% hydrogen. 

7.2.1 Temperature Distribution Trends for Different 

Fuel Compositions 

 Figure 7 shows the temperature distribution along the 

axial direction of the combustion chamber with different 

fuel components at a constant fuel mass fraction. The 

temperature distribution is examined along a line from the 
injector inlet to the outlet of the chamber. The location of 

this line is determined by averaging the inner and outer 

diameters of the chamber. In the case of using pure 

methane, the temperature in the chamber is initially 

around 900 K, then rises to approximately 2000 K before 

gradually decreasing in the dilution zone due to the 

injection of additional air. With the addition of hydrogen 

to methane, the temperature along the chamber increases 

due to the higher heating value of the mixture, reaching a 

maximum of approximately 2376 K in the primary 

combustion zone. As previously discussed, when the fuel 

mixture comprises 40% hydrogen, the mass flow rate of 
the fuel entering the combustion chamber decreases by 

only 11%. However, the elevated heating value of 

hydrogen leads to a continued rise in the chamber's 

temperature. 

 With the increase in the temperature generated in the 

combustion chamber, the turbine inlet temperature also  

 

Fig. 7 Temperature distribution along the chamber at 

constant fuel mass fraction 

 

rises. For instance, when the mixture consists of 40% 

hydrogen, the turbine inlet temperature increases to 

approximately 1364.9 K. 

7.2.2 Effect of Hydrogen Addition on Emissions at 

Constant Fuel Mass Fraction 

 The concentration of NOx and CO is highly dependent 
on the temperature (Lefebvre & Ballal, 2010). As shown 

in Fig. 8, NOx production consistently increases with 

rising temperature and decreases as the temperature drops. 

However, the behavior of CO emissions with respect to 

temperature is different, as shown in Fig. 9. CO levels 

decrease within the temperature range of 1500 to 1850 K, 

but increase as the temperature rises beyond this range. 

Therefore, for the combustion chamber to achieve the 

lowest emissions, it should operate within the temperature 

range of 1700 to 1900 K (Lefebvre & Ballal, 2010). As 

observed in Fig. 7, adding hydrogen to the fuel causes the 
temperature to exceed 2000 K, which results in an increase 

in both NOx and CO emissions. Figure 10 illustrates the 

production levels of NOx and CO at different hydrogen 

mass percentages. It can be seen that increasing the 

hydrogen content in the fuel mixture leads to higher 

emissions of both CO and NOx. 
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Table 5 Comparison of CO and NOx Emissions for Different Fuel Compositions with Percentage Increase 

Relative to Pure Methane 

Fuel Composition CO (ppm) 
Percentage Increase in CO 

Relative to Pure Methane (%) 
NOx (ppm) 

Percentage Increase in 

Nox Relative to Pure 

Methane (%) 

90 CH4+ 10 H2 129 153.5 37.8 302.1 

80 CH4+ 20 H2 258 406.8 146.6 1459.6 

70 CH4+ 30 H2 461 805.3 391.8 4067.0 

60 CH4+ 40 H2 705 1285.3 802.9 8443.6 

 

 
Fig. 8 NOx concentration at different temperatures 

(Lefebvre & Ballal, 2010) 

 

 
Fig. 9 CO concentration at different temperatures 

(Lefebvre & Ballal, 2010) 

 

 Table 5 provides a comparison of CO and NOx 

emissions for various fuel compositions containing 

different proportions of CH₄ and H₂. The table also 

highlights the percentage increase in CO and NOx 
emissions relative to pure methane. As the hydrogen 

content increases in the fuel mixture, both CO and NOx 

emissions exhibit a significant rise. 

7.3  The Effect of Hydrogen Addition at a Constant 

Turbine Inlet Temperature 

 In the previous section, it was observed that adding 

hydrogen at a constant fuel mass fraction ultimately leads 

to an increase in harmful pollutants such as CO and NOx.  

 
Fig. 10 NOx and CO pollutant concentrations as a 

function of hydrogen addition at a constant fuel mass 

fraction 

 

 

Fig. 11 Temperature distribution along the chamber 

at constant turbine inlet temperature 

 

Due to the differences in the combustion properties of 

methane and hydrogen, the combustion performance of 

the chamber should be evaluated at a constant turbine inlet 

temperature (Therkelsen et al., 2009). The fuel input to the 

chamber was reduced to achieve the same turbine inlet 

temperature. Again, the fuel with different compositions, 

as shown in Table 4, was injected into the chamber. Figure 

11 shows the temperature distribution along the chamber 

at a turbine inlet temperature of 1193 K. As seen, with the 

increase in the hydrogen share in the mixture, the 

temperature in the primary combustion zone rises even 
further compared to the use of pure methane, reaching a 

maximum of 2060 K. However, all cases indicate that as  
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Table 6 Reduction in Fuel Mass Flow and CO₂ Mass Fraction for Various Methane-Hydrogen Fuel 

Compositions Relative to Pure Methane 

Fuel 

Composition 

Fuel Mass Flow 

(kg/s) 

Percentage Reduction in 

Fuel Mass Flow Relative to 

Pure Methane (%) 

CO₂ (Mass 

Fraction) 

Percentage Reduction in 

CO₂ Relative to Pure 

Methane (%) 

90 CH₄ + 10 H₂ 0.00286 10.63 0.0234 20.68 

80 CH₄ + 20 H₂ 0.0025 21.88 0.0187 36.61 

70 CH₄ + 30 H₂ 0.0023 28.13 0.0147 50.17 

60 CH₄ + 40 H₂ 0.0021 34.38 0.0115 61.02 

 

 

Fig. 12 Fuel flow rate and CO₂ mass fraction at the 

outlet for various hydrogen additions to the fuel, 

while maintaining a constant turbine inlet 

temperature 

 

the flow enters the dilution zone, the temperature behavior 

becomes uniform and ultimately reaches 1193 K at the 

chamber exit. The reason for the temperature rise in the 

primary combustion zone is the different combustion 

properties of hydrogen and methane, including reaction 

rates, flame speed and flame temperature (Therkelsen et 

al., 2009). 

7.3.1  Fuel Consumption and Emissions at Constant 

Turbine Inlet Temperature 

 Figure 12 illustrates the fuel consumption and CO2 
emissions at the outlet as the hydrogen fraction in the fuel 

increases. Both fuel input and CO2 emissions decrease 

with the rise in hydrogen content. Compared to 

combustion with a constant fuel mass fraction, the 

reduction in fuel consumption and CO2 emissions is more 

significant, as the fuel mass flow rate is reduced to 

maintain a constant turbine inlet temperature across 

different conditions, leading to a decrease in methane 

intake. When the fuel mixture contains 40% hydrogen, 

fuel consumption decreases by approximately 35%, and 

CO2 emissions are reduced by around 61%. 

 Table 6 presents the reduction in fuel mass flow and 
CO₂ mass fraction for various methane-hydrogen fuel 

compositions compared to pure methane. As the hydrogen 

content in the fuel increases, a consistent reduction in both 

fuel mass flow and CO₂ mass fraction is observed. 

 The results of the previous section indicated that NOx 

and CO emissions are highly dependent on the combustion 

temperature. Therefore, assessing these emissions at a  

 

Fig. 13 CO and NOx emissions as a function of 

hydrogen addition at a constant turbine inlet 

temperature 

 

constant turbine inlet temperature is particularly useful. In 

Fig. 13, the variation in CO and NOx emissions with 

increasing hydrogen content in the fuel mixture is 
presented. The NOx levels gradually rise as the hydrogen 

fraction increases, reaching a maximum of 23.6 ppm. This 

increase in NOx is directly related to the rise in 

temperature (Lefebvre & Ballal, 2010). However, CO 

emissions decrease with higher hydrogen fractions, 

dropping to a minimum of 42.9 ppm. This reduction in CO 

is due to the reduced methane content in the fuel and the 

decrease in the fuel mass flow rate. Moreover, since 

hydrogen combustion does not produce carbon-based 

emissions, no carbon monoxide is formed (Meziane & 

Bentebbiche, 2019). 

7.4  Wet Combustion of Hydrogen and Methane 

Mixture 

 Water, due to its high specific heat capacity and latent 

heat of vaporization, absorbs heat within the combustion 

chamber, leading to a reduction in temperature and a 

decrease in NOx emissions (Banerjee et al., 2021). Adding 

hydrogen to methane increases flame temperature and 

speed, which in turn leads to higher NOx emissions 

(Therkelsen et al., 2006; Shih & Liu, 2014). It was 

observed that as the hydrogen fraction in the fuel 

increases, NOx emissions rise even when the turbine inlet 

temperature remains constant. Injecting water and using 
humid air can effectively reduce pollutants such as NOx. 

Therefore, wet combustion with different fuel mixtures 

was examined. Humid air with moisture levels of 2.5%, 

5%, 7.5%, and 10% was introduced into the combustion 

chamber. 

 

0.01

0.015

0.02

0.025

0.03

0.035

0.001

0.0015

0.002

0.0025

0.003

0.0035

-10 0 10 20 30 40 50

C
O

₂ 
(m

a
ss

 f
r
a
c
ti

o
n

)

F
u

e
l 

m
a
ss

 f
lo

w
 (

k
g
/s

)

Hydrogen addition %

Fuel mass flow

CO₂

40

43

45

48

50

53

0

5

10

15

20

25

-10 0 10 20 30 40 50

C
O

 (
p

p
m

)

N
O

x
(p

p
m

)
Hydrogen addition %

Noₓ

CO



A. Sohrabi and S. M. Mirsajedi / JAFM, Vol. 18, No. 6, pp. 1396-1411, 2025.  

 

1406 

 

Fig. 1 Wet combustion temperature contour with pure methane fuel a) 2.5% Humidity, b) 5% Humidity, c)7.5% 

Humidity, d)10% Humidity 

 

7.4.1  Wet Combustion of Methane in the Annular 

Combustion Chamber   

 Initially, wet combustion of pure methane was studied. 

In Fig. 14, the temperature field in the combustion 

chamber with varying humidity levels using pure methane 

fuel is shown. The injection of water vapor improves the 

temperature distribution in the primary zone of the 
chamber and reduces the intensely hot regions. This is 

highly effective in reducing pollutant emissions.  

 When steam is injected into the combustion chamber, 

it absorbs a significant amount of heat due to its high 

specific heat capacity, thereby reducing the maximum 

combustion temperature. The presence of moisture in the 

air also lowers the concentrations of oxygen and nitrogen 

(Bouam et al., 2008). 

 Under dry air conditions, the maximum temperature 

within the combustion chamber reaches 2016.1 K. 

Humidity, however, reduces the maximum temperature 
inside the combustion chamber. For instance, when the 

inlet air has a humidity level of 10%, the peak temperature 

decreases to 1950.5 K, indicating a 3.2% temperature drop 

compared to pure air.  

Figure 15 shows the temperature distribution along 

the chamber, assuming wet combustion with pure methane 

fuel. Using humidified air lowers the flame temperature.  

 

Fig. 15 Temperature distribution along the 

combustion chamber with varying humidity levels in 

pure methane combustion 

 

As observed in Fig. 15, the primary combustion zone 

experiences a temperature drop with increased humidity in 

the inlet air. In contrast, in the dilution zone, temperature 

behavior shows minimal change with added humidity, 

ensuring that increased humidity in the inlet air does not 

significantly decrease the turbine inlet temperature. 
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Table 7 Results from wet combustion of pure methane 

CO 

(ppm) 

NOx 

(ppm) 
TIT (K) 

Percentage 

of humidity 

(%) 

Case 

50.9 9.4 1193 0  

45.5 6.7 1187.8 2.5 %  

40.3 4.54 1178.8 5 % 1 a 

37 3.34 1174.4 7.5 %  

32.9 2.27 1163.6 10 %  

 

 Table 7 presents the results of wet combustion using 

pure methane. The mass flow rate of the fuel input is 

0.0032 kg/s. As the air humidity increases, the turbine inlet 

temperature decreases. For instance, with 10% humidity 

in the incoming air, the inlet temperature of the chamber 
drops to 1163.6 K, resulting in a 2.4% reduction in turbine 

inlet temperature. Since steam is introduced instead of 

water, the temperature drop remains moderate. 

 According to Table 7, a decrease in temperature leads 

to a reduction in NOx emissions. When pure methane is 

used, NOx emissions reach 9.4 ppm; however, when the 

inlet air contains 10% humidity, this value decreases to 

2.27 ppm, showing that humidified air can achieve a 76% 

reduction in NOx emissions without causing a significant 

drop in temperature. Many studies indicate that injecting 

steam or water into the combustion chamber typically 
increases CO emissions (Lefebvre & Ballal, 2010; Reale 

& Sannino, 2021; Reale, 2022). However, a small 

premixed amount of steam injection can reduce CO 

emissions. As seen in the table 7, increasing air humidity 

consistently decreases CO emissions, with the lowest CO 

emissions observed at 10% air humidity. 

7.4.2  Wet Combustion of a methane-hydrogen mixture 

in the Annular Combustion Chamber  

 The use of hydrogen led to a reduction in carbon oxide 

emissions but increased NOx emissions due to the higher 

flame temperature. As discussed in the previous section, 

increasing the hydrogen content in the fuel raises the 
temperature in the primary combustion zone. Figure 14 

also shows that the dominant effect of air humidity is on 

the primary combustion zone. As a result, air 

humidification can prevent this temperature increase in the 

primary zone when using a hydrogen-methane mixture. 

Since the majority of NOx emissions are formed in the 

primary zone of the combustion chamber, the resulting 

temperature reduction in this area is highly beneficial. 

Table 8 presents the details of the wet combustion of 

a methane-hydrogen mixture with different fuel 

compositions and humidity levels. In each of the following 
cases, combustion was conducted with dry air and 

humidity levels of 2.5%, 5%, 7.5%, and 10%. In case 2a, 

the mass flow rate of fuel consumption is 0.00286 kg/s, 

and as the hydrogen content in the fuel increases, the mass 

flow rate of the fuel decreases, reaching a minimum of 

0.0021 kg/s. With an increase in air humidity, the turbine 

inlet temperature decreases, leading to a reduction in NOx 

emissions. Additionally, it is observed that the CO 

emissions also decrease with higher humidity levels. 

According to Fig. 9, it was observed that CO 

emissions are highly dependent on temperature. 

Specifically, if the temperature drops below 1850 K, the 

production of CO emissions increases. However, since 

steam is used and the fuel-air mixture is pre-mixed before 

entering the chamber, the temperature drop is minimal. In 

cases 3a, 4a, and 5a, similar behavior is observed in the 

turbine inlet temperature and the emissions of CO and 

NOx. In all cases, it is evident that the highest level of 
emissions occurs when using dry air, while increasing the 

humidity level in the air leads to a reduction in these 

emissions. Additionally, it is observed that the 

temperature drop with increased air humidity is not 

dependent on the fuel composition. For example, in case 

2a, when the air entering the chamber has 10% humidity, 

the turbine inlet temperature is 1167.1 K. Similarly, in 

case 5a, when the air has 10% humidity, the turbine inlet 

temperature or the outlet temperature of the combustion 

chamber is also 1167.1 K. 

According to the table 8, the highest level of NOx is 

observed in case 5a, reaching 23.6 ppm, as the fuel 
consists of 40% hydrogen. Furthermore, in this case, the 

lowest level of CO emissions is observed at 10% humidity, 

amounting to 26.5 ppm. In case 2a, when the air has 10% 

humidity, the lowest NOx emissions are produced, while 

the highest level of CO emissions occurs, as 90% of the 

fuel is composed of CH4. 

Adding hydrogen to methane generally reduces the 

effective residence time in the combustion chamber. This 

reduction is due to the increased rate of chemical 

reactions, higher flame speed, and elevated combustion 

temperature. However, the precise effect depends on the 
combustion chamber design, flow conditions, and the fuel-

air mixing ratio. The increase in NOx emissions is strongly 

temperature-dependent, as higher temperatures lead to 

higher NOx formation, and reducing residence time alone 

is insufficient to mitigate NOx production. 

For CO emissions, while a reduction in residence time 

can potentially result in incomplete combustion, the 

addition of hydrogen and steam prevents significant 

temperature drops. As a result, complete combustion is 

achieved, leading to reduced CO emissions. 

The combustion simulation is performed using pure 
methane at an equivalence ratio of 0.18, representing lean 

combustion conditions. The formation of NOx is primarily 

influenced by temperature rather than the equivalence 

ratio. Adding hydrogen increases the combustion 

temperature while reducing the equivalence ratio under 

both constant fuel mass fraction and constant turbine inlet 

temperature scenarios. 

In terms of CO emissions, a lower equivalence ratio 

could theoretically reduce temperature due to incomplete 

combustion. However, since no significant temperature 

drop is observed, CO emissions are reduced. Furthermore, 

the reduction in methane content in the fuel mixture also 

contributes to the decreased CO emissions. 

Based on the results of Table 8, it is possible to reduce 

NOx emissions by up to 68% and CO emissions by up to 

48% compared to the baseline by using humidified 

combustion of the hydrogen-methane mixture. In case 5a, 
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Table 1 Results of wet combustion of methane-hydrogen mixture with different fuel compositions and moisture 

levels 

CO (ppm) (ppm)x NO TIT (K) Humidity 

(%) 

Fuel composition 

and mass flow of 

fuel 

 
Case 

49.3 10.4 1193 0   

44.6 7.74 1185.8 2.5 2+ 10 H4 90 CH  

39.7 5.59 1179.7 5  2 a 

36.4 4.36 1174.5 7.5 0.00286 (kg/s)  

32.4 3.05 1167.1 10   

48.1 13 1193 0   

43.1 9.95 1189.6 2.5 2+ 20 H4 80 CH  

39.5 7.4 1182.2 5  3 a 

35.2 5.93 1174.8 7.5 0.0025 (kg/s)  

31.5 4.34 1166.4 10   

43.3 16.6 1193 0   

40.3 12.76 1189.3 2.5 2+ 30 H4 70 CH  

37.2 9.52 1178.1 5  4 a 

32.5 7.56 1174.1 7.5 0.0023 (kg/s)  

29 5.51 1166.2 10   

42.9 23.6 1193 0   

39.2 17.9 1185 2.5 2+ 40 H4 60 CH  

35.1 13.3 1178.9 5  5 a 

32.3 10.5 1173.9 7.5 0.0021 (kg/s)  

26.5 7.84 1167.1 10   

 

 

due to the increased share of hydrogen in the fuel, the 

lowest fuel consumption is observed, owing to the higher 

heating value. Given that NOx emissions are higher in this 
case compared to others, using humidified air is necessary 

to reduce NOx levels. As observed, increasing the air 

humidity not only reduces NOx emissions but also brings 

CO emissions to their minimum level. 

8. CONCLUSION  

 This study provides a comprehensive three-

dimensional simulation of wet combustion for a hydrogen-

methane mixture in the annular combustion chamber of a 

microturbine. By employing the partially premixed 
combustion model and leveraging the k-ε Realizable 

turbulence model along with the probability density 

function (PDF) for chemical reactions, the research 

achieved significant insights into the effects of 

combustion humidification on emission reduction and 

combustion efficiency. 

 The study demonstrated that introducing humidity 

levels of 2.5%, 5%, 7.5%, and 10% in the inlet air 

significantly reduces pollutant emissions. Specifically, 

NOx emissions decreased by 68% when the fuel mixture 

contained 10% hydrogen, with the maximum reduction 

occurring at 10% humidity. Similarly, CO emissions were 

reduced by 48% for a fuel mixture containing 40% 

hydrogen under the same humidity level. This reduction is 
primarily due to the lowered peak combustion 

temperatures and the dilution effect, which slows the 

reaction rates responsible for NOx formation. 

Additionally, a higher hydrogen content in the fuel 

mixture further contributed to emission control, with CO 

levels decreasing by as much as 16% when compared to 

methane alone, underscoring the benefits of hydrogen as a 

cleaner-burning fuel. 

 Moreover, combustion humidification led to a more 

uniform temperature distribution throughout the 

combustion chamber. This study, therefore, suggests that 

combining hydrogen fuel with wet combustion technology 
holds promise for advancing microturbines toward higher 

efficiency and reduced environmental impact. These 

findings highlight the potential for sustainable energy 

applications where reducing emissions and fuel 

consumption is a priority. 

 In summary, this research demonstrates the practical 

benefits of combustion humidification for reducing 

harmful emissions in microturbines. Further work may 

explore advanced combustion models and varied fuel 



A. Sohrabi and S. M. Mirsajedi / JAFM, Vol. 18, No. 6, pp. 1396-1411, 2025.  

 

1409 

compositions to optimize these outcomes across diverse 

operational conditions. 
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